We present the results of the systematic survey of X-ray sources in the central region of M31 using the data from XMM-Newton observations performed in the years [2000][2001][2002][2003][2004]. The spectral properties and variability of 123 bright X-ray sources with apparent luminosities between ∼ 10 36 and 5×10 38 ergs s −1 were studied in detail. The spectral properties of majority of sources in our sample have been found to be consistent with that of the low-mass X-ray binary systems. 20 sources in our sample coinside with globular clusters in M31, four sources are supernova remnant candidates and another six sources can be classified as background AGN candidates. The spectral distribution of M31 X-ray sources, based on the spectral fitting with a power law model is clearly bimodal with a main peak corresponding to a photon index Γ ∼ 1.75 and a shoulder at Γ ∼ 2.0−2.2 extending to the soft spectral region. The spectral distribution shows clear evolution with source luminosity, characterized by its narrowing and shift of its main peak to the harder spectral region for luminosities above ∼ (3 − 5) × 10 37 ergs s −1 . The spectral properties of the high-luminosity sources in our sample closely resemble those of the bright LMXB in nearby galaxies of different morphological type. The distribution of absorbing columns towards M31 sources derived from spectral analysis has a peak at N H ∼ 1.2 ×10 21 cm −2 extending up to 1.3 ×10 22 cm −2 , with an average value of (1.52 ± 0.02) × 10 21 cm −2 . More than 80% of sources observed in two or more observations show significant variability on the time scales of days to years. The fraction of variable sources in our survey is much higher than previously reported from Chandra survey of M31, and is remarkably close to the fraction of variable sources found in the M31 globular cluster X-ray source population. Timing analysis of several of the brightest sources reveals significant aperiodic variability in the 2 × 10 −5 − 0.01 Hz frequency range, resembling the very-low frequency variability of the bright Galactic LMXB. About 50% of the sources in our sample are spectrally variable. The spectral evolution of a number of sources is correlated with the level of their X-ray flux, while some sources demonstrate complex patterns of evolution on the hardness-intensity diagram.
INTRODUCTION
X-ray surveys of external galaxies are important for understanding populations of X-ray binaries and supernova remnants in these galaxies and our own Milky Way. The statistical study of the spatial and spectral distribution of these sources can help us to distinguish between different physical classes of X-ray emitters. X-ray binaries and supernova remnants comprise a fossil record of the stellar population, and may be used as a probe of galactic dynamics and star formation history. A detailed study of spectral properties and variability of X-ray binaries, combined with results of observations at other wavelengths, can help to distinguish between systems with black hole and neutron star primaries, providing invaluable information on the binary stellar evolution.
The nearby, giant spiral M31 presents an excellent opportunity to study the global properties of a galaxy that is in many respects similar to our own. The proximity, well-established distance and favorable inclination of M31 galactic disk allow effective study and comparison of its X-ray source populations and their association with the bulge, spiral arms, or halo components. M31 has been observed extensively by Einstein, ROSAT, Chandra and XMM-Newton missions (Trinchieri & Fabbiano 1991; Primini et al. 1993; Supper et al. 2001; Shirey et al. 2001 ; Kong et al. 2002a ; Williams et al. 2004a ; . Recent X-ray observations with Chandra and XMM-Newton has started to reveal important similarities and differences between X-ray source populations and hot interstellar medium in the bulge and disk of M31, and has allowed direct comparisons to the Milky Way galaxy (Shirey et al. 2001; Trudolyubov et al. 2002a; DiStefano & Kong 2003; Trudolyubov et al. 2005b ). The advanced capabilities of XMM-Newton and Chandra have allowed a detailed study of the variability and spectral properties of a large number of individual sources belonging to different classes of Xray emitting objects like globular cluster sources, supersoft sources and supernova remnants (DiStefano et al. 2002; Kong et al. 2002b; Trudolyubov & Priedhorsky 2004; Di Stefano et al. 2004) . The spectral and timing analysis of individual bright M31 sources has allowed for the identification of some of them as accreting X-ray binaries and has revealed striking similarities between them and their Galactic counterparts. Timing studies of M31 X-ray sources led to discovery of X-ray pulsations (Osborne et al. 2001; Trudolyubov et al. 2005b ), periodic dipping (Trudolyubov et al. 2002b; Mangano et al. 2004 ) and short bursts . The spectral properties and evolution of a number of M31 sources have led to their classification as probable black hole, neutron star or white dwarf systems. Regular monitoring observations of M31 have revealed several dozens of transient and recurrent X-ray sources ranging from black hole candidate X-ray novae to supersoft transient systems (Trudolyubov et al. 2001; Williams et al. 2006) .
Observations of the central part of M31 provide a unique opportunity to study stellar populations of the bulge and inner disk of the galaxy. This resion contains a significant fraction of the stellar mass of M31 and is the most densely populated region in X-rays with nearly 300 individual sources detected to date (Kong et al. 2002a; . In this work we present the results of our survey of spectral properties and variability of 123 brightest sources detected in the the central part of M31 (15 ′ radius), using data from XMM-Newton observations.
OBSERVATIONS AND DATA ANALYSIS
The central region of M31 was observed with XMMNewton on 8 occasions in years 2000 -2004 (Table 1 ; Fig.  1 ). In the following analysis we use the data from three European Photon Imaging Camera (EPIC) instruments: two EPIC MOS detectors (Turner et al. 2001 ) and the EPIC-pn detector (Strueder et al. 2001) . In all observations EPIC instruments were operated in the full window mode (30 ′ FOV) with the medium and thin optical blocking filters.
We reduced EPIC data with the latest version of XMMNewton Science Analysis System (SAS v 6.5.0) 1 . Each of the original event files were screened for periods of high background. The remaining exposure times for each observation are listed in Table 1 . The 2004 July 17 observation is affected by high background, so we excluded it from the analysis.
We generated EPIC-pn and MOS images of the central region of M31 (Fig. 1 ) in the 0.3 -7.0 keV energy band, and used the SAS standard maximum likelihood (ML) source detection script edetect chain to detect and localize point sources. We used bright X-ray sources with known optical counterparts from USNO-B (Monet et al. 2003 ) and 2MASS catalogs (Cutri et al. 2003) to correct EPIC image astrometry. After applying the astrometric correction, we estimate resid-1 See http://xmm.vilspa.esa.es/user ual systematic error in the source positions to be of the order 0.5 − 1 ′′ . To generate lightcurves and spectra of X-ray sources, we used elliptical extraction regions with semi-axes size of ∼ 15 − 50 ′′ (depending on the distance of the source from the telescope axis) and subtracted as background the spectrum of adjacent source-free regions, with subsequent normalization by ratio of the detector areas. For spectral analysis, we used data in the 0.3 − 10 keV energy band. For the sources with soft (SNR candidates) and supersoft X-ray spectra we considered only the 0.3 − 3 and 0.3 − 1.5 keV spectral ranges, since their flux was negligible above 3.0 and 1.5 keV respectively. We used spectral response files generated by XMM SAS tasks. Spectra were grouped to contain a minimum of 20 counts per spectral bin in order to allow χ 2 statistics and fit to analytic models using the XSPEC v.11 2 fitting package (Arnaud 1996) . EPIC-pn, MOS1 and MOS2 data were fitted simultaneously, but with normalizations varying independently.
We performed timing studies of the sources in our sample, using standard XANADU/XRONOS v.5 3 tasks. We generated source and background X-ray lightcurves in the 0.3 − 7 keV energy band with 5.2s time resolution using the data of individual EPIC detectors. For SNR candidates and supersoft sources the lightcurves in the 0.3 − 2 keV energy range were extracted. To improve statistics, properly synchronized lightcurves from individual detectors were added to produce combined EPIC lightcurves for each source. To synchronize source and background lightcurves from individual detectors, we used the same time filtering criteria based on Mission Relative Time (MRT) (see also Barnard et al. 2006b ). Fourier power density spectra (PDS) in the 2×10 −5 −0.1 Hz frequency range were produced using both individual detector and combined EPIC background-subtracted lightcurves. The spectra were logarithmically rebinned when necessary to reduce scatter at higher frequencies and normalized such that the white noise level expected from the data errors corresponds to a power of 2 (Leahy-normalized) (Leahy et al. 1983 ). In several cases, when significant aperiodic variability was detected, the PDS were also normalized to the square of fractional r.m.s. variability, with the expected white noise level subtracted.
In the following analysis we assume M31 distance of 760 kpc (van den Bergh 2000) . All parameter errors quoted are 68% (1σ) confidence limits.
SOURCE IDENTIFICATION
We study a sample of 123 X-ray sources in the central region of M31 selected on the basis of their brightness; each source was required to have more than 300 counts in the EPIC during at least one observation. The information on the positions, spectral properties and identifications of the X-ray sources is shown in Table 2 . The combined EPIC-MOS image of the central region of M31 with source positions marked with circles is shown in Fig. 1 .
We searched for the X-ray, optical, infrared and radio counterparts to the sources in our sample using the existing catalogs and images from the CTIO/KPNO Local Group Survey (LGS) (Massey et al. 2001 ) and the Second Generation Digitized Sky Survey. We varied the search radius based on both the accuracy of the catalogs and localization errors of XMM sources. We used the following catalogs: i) X-ray sources: the Einstein (Trinchieri & Fabbiano 1991) , ROSAT/HRI (Primini, Forman & Jones 1993) , Chandra/ACIS , Chandra/HRC (Williams et al. 2004; Kaaret 2002) and XMM-Newton ) catalogs of X-ray sources in the field of M31. ii) Globular cluster candidates: the Bologna catalog (Battistini et al. 1987; Galleti et al. 2004) , the catalog by Magnier (1993) , and the HST globular cluster candidate catalog (Barmby & Huchra 2001) . The positions of 20 sources coinside with optically identified globular cluster candidates. iii) Supernova remnant candidates: the lists by Braun & Walterbos (1993) , Magnier et al. (1995) and Ford & Jacoby (1978) . iv) Stellar objects (Galactic foreground stars/background AGN): the catalogs of stellar objects:
USNO-B (Monet et al. 2003) , 2MASS (Cutri et al. 2003) , catalogs by Magnier et al. (1992) and Haiman et al. (1994) and SIMBAD. v) Radio sources:
VLA All-sky Survey Catalog 4 (Condon et al. 1998 ) and catalogs of radio sources in the field of M31 (Walterbos, Brinks, & Shane 1985; Braun 1990 ). All but three new transient sources (#3, 104, 110) in our sample have been previously detected in X-rays. The positions of 20 sources coincide with optically identified globular cluster candidates. The X-ray source #29 has a bright optical counterpart, and has been proposed by as possible globular cluster candidate. Four sources (#70, 85, 117, 122) coincide with supernova remnant (SNR) candidates in M31. Six sources (#4, 6, 17, 27, 69, 103) , not identified with SNR, have bright radio counterparts, and can be tentatively identified with background AGN. Two of these sources (#6 and 103) also have point-like optical counterparts listed in Magnier et al. (1992) (MLV92 242628 and MLV92 267602) and seen in LGS images. The remaining four sources with radio counterparts have very faint or no detectable optical counterparts.
NOTE ON THE EFFECT OF BACKGROUND SOURCES AND MULTIPLE UNRESOLVED X-RAY SOURCES
A notable fraction of the X-ray sources detected in the central region of M31 must be background objects. To estimate the expected contribution of the background sources in our sample, we used the results of the combined X-ray source counts from ROSAT, Chandra and XMM-Newton surveys (Moretti et al. 2003) . Taking into account spatial coverage of our survey, ∼ 7 − 10 out of 87 sources with apparent luminosities above 5 × 10 36 ergs s −1 (approximate completeness limit of our sample) should be background objects.
Ten sources in our sample are unresolved composites of the two or more Chandra sources (Table 2 ). In addition, the spatial resolution of both Chandra and XMM-Newton is not sufficient to resolve most possible multiple X-ray sources within globular clusters in M31 Trudolyubov & Priedhorsky 2004) . Therefore, the effects of spectral blending and superposition of variability may affect the properties of several sources in our sample, and complicate direct comparisons with Galactic X-ray sources.
SPECTRA
The spectra of M31 X-ray sources were fitted with a variety of spectral models using XSPEC v11. We first considered 4 http://www.cv.nrao.edu/nvss/ a simple one-component spectral model: an absorbed simple power law. The results of fitting this model to the source spectra are given in Table 2 . The spectra of 115 sources in our sample (excluding SNR candidates and supersoft sources) can be generally described by an absorbed simple power law model with a photon index of ∼ 0.6 − 3.7 and an equivalent absorbing column of (0.1 − 13) × 10 21 cm −2 . The apparent absorbed luminosities of the X-ray sources in our sample differ by nearly three orders of magnitude and fall between ∼ 10 36 and ∼ 5 × 10 38 ergs s −1 in the 0.3 − 10 keV energy band, assuming a distance of 760 kpc.
In most cases, we obtained acceptable fits using a power law spectral model. However, for many brighter sources, a complex spectral models are required. For several sources with high luminosities (Table 5 ,6,7), the models with quasiexponential cut-off at ∼ 0.6 − 8 keV or two-component models describe the energy spectra significantly better than a simple power law (Fig. 3) . To approximate the spectra of these sources, we used an absorbed power law model with exponential cut-off (XSPEC CUTOFFPL model), a Comptonization model, a multicolor disk black body (DISKBB) model and a two types of two-component models described below. For the Comptonization model approximation (Table 6) , we used the XSPEC model COMPTT (Sunyaev & Titarchuk 1980; Titarchuk 1994) . This model includes a self-consistent calculation of the spectrum produced by the Comptonization of the soft photons in a hot plasma. It contains as free parameters the temperature of the Comptonizing electrons, kT e , the plasma optical depth with respect to the electron scattering, τ and the temperature of the input Wien soft photon distribution, kT 0 . In our spectral analysis a spherical geometry of the Comptonizing region was assumed.
The spectra of many luminous neutron star LMXB are well fit with a two-component model consisting of a soft black body-like component which might represent emission from an optically thick accretion disk or from the neutron star surface, together with hard component which may be interpreted as emission from a corona-like structure or a boundary layer between the disk and a neutron star (White, Stella & Parmar 1988) . For the soft component we used a multicolor diskblackbody (XSPEC DISKBB) (Mitsuda et al. 1984) model. The hard spectral component can be adequately described by various phenomenological and physical models involving a break in the slope of the spectrum or quasi-exponential spectral cut-off at higher energies. For the sake of easier comparison with the results for the Galactic LMXB, we use a simple black body (BBODYRAD) in combination with DISKBB as a soft component to approximate the hard component in the spectra of several bright sources in our sample (probable neutron star candidates).
The other two-component model, used in our analysis of several bright M31 sources ( Fig. 2 ; Table 7) , is a combination of absorbed simple power law and DISKBB models, a standard model describing the spectra of Galactic black hole candidates (McClintock & Remillard 2006) . (Table 2) . Two XMM transients (#7 and 114) have supersoft spectra, five sources (#3, 57, 99, 104, 110) have soft spectra with spectral photon indices above 2.4, and three sources (#46, 58, 100) have harder spectra ( Fig. 2 ; Table 7 ).
Transient Sources
The energy spectra of the two supersoft transient sources (#7 and 114) obtained with XMM/EPIC MOS1 and MOS2 detectors are shown in Figure 2 . The EPIC energy spectra of the supersoft transients can be satisfactorily described by the absorbed blackbody radiation models ( Table 7) . The characteristic spectral temperatures and luminosities of both sources are typical for a supersoft X-ray sources found in our Galaxy and M31 (Osborne et al. 2001; Di Stefano et al. 2004 ).
The energy spectra of the two transient sources (#3 and 57) are soft, and show curvature around 0.6 and 1 keV. Due to the curvature in the source spectra, the DISKBB model provides a significantly better description to the data than a power law ( Table 7 ). The observed spectra and luminosities of the sources bear clear resemblance to the Galactic black hole transients in the high/thermal-dominant state (McClintock & Remillard 2006) . Both sources have been proposed to be black hole candidates, based on their overall X-ray properties and additional constraints on the optical counterpart (Trudolyubov, Priedhorsky & Cordova 2006; Williams et al. 2005b ).
The two-component model including absorbed lowtemperature thermal component (DISKBB) and a hard power law tail gives the best description to the EPIC spectra of the transient sources #46 and #99 (Table 7 ). The X-ray spectra, long-term variability and luminosity of these sources are remarkably similar to the Galactic black hole transients in the low/hard state or during transition from the high/thermaldominant to the low/hard state (Tomsick & Kaaret 2000; McClintock & Remillard 2006 ). Both objects have been previously classified as probable black hole candidates based on their X-ray properties and evolution observed with XMMNewton and Chandra (Trudolyubov, Borozdin & Priedhorsky 2001; Williams et al. 2004a) .
The EPIC spectra of the transient source #58 (Garcia et al. 2000 , Trudolyubov, Borozdin & Priedhorsky 2001 are relatively hard and show evidence of a high-energy cutoff. The absorbed power law model with exponential cut-off at 4-6 keV provides a significantly better approximation than a simple power law model ( Table 7) .
The spectrum of the transient source #100 is hard and can be adequately fit by absorbed simple power law with photon index of ∼ 1.6 (Table 7 ).
The energy spectra of the remaining two transient sources #104 and 110 are soft and can be fit with both steep power law or thermal models with characteristic temperatures of 0.3-0.4 keV ( Table 7 ). The discussion of the detailed spectral analysis of these sources can be found in Trudolyubov, Priedhorsky & Cordova (2006) .
Globular Cluster Sources
The positions of 20 bright X-ray sources are consistent with globular cluster (GC) candidates in M31 ( Table 2 ). The results of the detailed analysis of the properties of 19 globular cluster candidates 5 in our sample detected in the first four XMMNewton observations can be found in Trudolyubov & Priedhorsky (2004) . In this work, we combine results of the pre- 5 The recurrent X-ray source #77 associated with globular cluster (Primini, Forman & Jones 1993) candidate Bo 128 was not detected during the first four XMM observations vious study with results of the three subsequent 2004 XMMNewton observations.
Supersoft Sources
Besides two transients, two other sources in our sample, #83 and #113 have supersoft spectra. The EPIC energy spectra of the supersoft transients can be generally described by the absorbed blackbody radiation models with characteristic temperature of 50-60 eV (Table 8 ). Both sources are variable in X-rays, with source #113 remaining below the EPIC detection threshold in some observations and flaring up to ∼ 1.3 × 10 37 ergs s −1 luminosity level (Table 2,8).
Supernova Remnants
The positions of three X-ray sources in our sample are consistent with supernova remnant (SNR) candidates from various optical and radio surveys (Baade & Arp 1964; Braun 1990; Braun & Walterbos 1993) (Table 2 ). In addition, the X-ray source #70 is coincident with planetary nebula candidate from Ford & Jacoby (1978) and has been classified as SNR candidate based on its spectrum and luminosity .The EPIC spectra of all SNR candidates are soft and show clear presence of the emission lines (Fig. 4) .
We fitted the spectra of SNR candidates with XSPEC collisional equilibrium thermal plasma (MEKAL) (Mewe et al. 1985; Liedahl et al. 1995) , and non-equilibrium ionization collisional plasma (NEI) models with interstellar absorption. The results of the analytical approximation of the XMM/EPIC data for SNR candidates are shown in Table 9 .
SNR candidates #85 (BA 521) and #117(BA 23) . To improve statistical quality of data, we combined the data of three observations (Obs. 1,3,4) of these two SNR candidates. For the MEKAL and NEI models, we first fixed the abundances at solar values (Anders & Grevesse 1989) . This set of parameters, however, left bump-like residuals indicating that we had overestimated the contribution from O-K, Ne-K and Fe-L shell emission lines. Then we fixed the abundances based on the values determined from optical spectroscopy of the optical counterpart to the sources (Blair et al. 1982) with Fe abundance fixed at solar value. Finally, we allowed the O, Ne and Fe abundances to be free parameters. In both cases the quality of the fit improved significantly compared to the same models with fixed solar abundances ( Table 9 ).
The average absorbed 0.3 − 3 keV luminosities of the sources #85 and #117 corresponding to the bestfit MEKAL and NEI models are ∼ 4.5 × 10 36 and ∼ 5.3 × 10 36 ergs s −1 (Table 9) , which makes them two brightest thermal SNR candidates detected in M31 to date (Trudolyubov & Priedhorsky 2005a; ). The plasma temperatures inferred from the best-fit spectral models for the sources #85 and #117 were found to be typical for the SNR candidates in M31 (0.2-0.5 keV), in general agreement with previous results (Kong et al. 2002b; Williams et al. 2004b; Trudolyubov & Priedhorsky 2005a; Trudolyubov et al. 2005b) .
In their recent paper, based on the XMM and Chandra observations of the source #117(BA 23), Williams et al. (2005d) report on the detection of the high-energy excess in the spectrum of the source, which they attribute to the contamination from nearby X-ray binary. Using the power law approximation, they estimate the contribution of the hard spectral component to be 26% of the total X-ray luminosity. The results of our analysis, based on the larger number of observations, do not confirm their findings. After careful background screening and subtraction, we were not able to detect any statistically significant high-energy excess in the spectra of the source #117 (Fig. 4) . To estimate the possible contribution of the hard component, we fit source spectra from individual observations with a two-component model including MEKAL model with varying O, Ne and Fe abundances and a power law with two fixed values of the photon index (Γ 1 = 1.7 and Γ 2 = 3.2). The resulting 2σ upper limit on the contribution of the hard component to the total unabsorbed X-ray luminosity is ∼ 7% for the power law model with photon index Γ 1 = 1.7 and ∼ 16% for Γ 2 = 3.2.
SNR candidates #70 and 122. Because of the limited statistics, we used only the MEKAL model to approximate the spectra of the two fainter SNR candidates (sources #70 and 122). We first fixed the abundances at solar values, and then allowed the O, Ne and Fe abundances to be free parameters. The models with free O, Ne and Fe abundances give marginal improvement of the quality of the fit as compared to the fixed solar abundances ( Table 9 ). The best-fit models give plasma temperatures of ∼ 0.50 keV for the source #70 and ∼ 0.33 keV for the source #122, typical for thermal SNR in M31 (Trudolyubov & Priedhorsky 2005a; Kong et al. 2002b) , and an absorbed 0.3 − 3 keV luminosities of ∼ 1.3 × 10 36 and ∼ 1.4 × 10 36 ergs s −1 respectively.
SPECTRAL DISTRIBUTION
To characterize the overall spectral properties of the bright M31 X-ray sources, we constructed a distribution of their spectral indices in the 0.3 − 10.0 keV energy range using the model fits to XMM-Newton/EPIC data with an absorbed simple power law (Fig. 5 ). We chose this spectral model because it gives adequate representation to the spectra of most sources in our sample and allows easier comparison to the results of studies of X-ray binary populations in other galaxies Fabbiano & White 2006; Fabbiano 2006 and references therein). The sources with extremely soft spectra (supersoft sources and thermal supernova remnants) were excluded from the sample. For the sources with multiple spectral measurements, we used weighted average values of the photon index. The spectral hardness distribution including 115 sources spans a wide range of photon indices between ∼ 0.6 and ∼ 3.7, and has an asymmetric shape with main concentration between Γ ∼ 1.2 and Γ ∼ 2.8 and additional groups of sources with soft and hard spectra (Fig. 5) . The overall properties of the spectral distribution of the sources in our sample are generally consistent with results of earlier observations (Shirey et al. 2001) . The main part of the distribution has a dominant peak at Γ ∼ 1.75 and an additional shoulder at Γ ∼ 2.0 − 2.2. The model approximation with a sum of two Gaussian functions provides a significantly better fit to the main part of hardness distribution of M31 X-ray sources in the 1.0 < Γ < 3.0 range when compared to a single Gaussian model fit. The model fit with a single Gaussian function is not adequate with reduced χ 2 r =9.4. The fit with sum of two Gaussians with centroids at Γ 1 = 1.78 +0.04 −0.05 and Γ 2 = 1.95 +0.05 −0.03 , and widths of 0.07 ± 0.03 and 0.36 ± 0.04, accounting for ∼ 18% and ∼ 82% of the total number of sources, yields significantly lower χ 2 r =1.3. This is the first case in which we clearly see bimodality of the spectral distribution of X-ray sources in an external normal galaxy.
Evolution of Spectral Distribution with Source Luminosity
In order to study the dependence of the spectral hardness distribution on the source luminosity, we constructed three separate hardness distributions for sources with apparent luminosities below 10 37 ergs s −1 (Fig. 6 (Fig. 6 , upper panel) (high luminosity subsample). Each of the three distributions have a distinct central concentration and outlying parts representing soft and hard sources. Visual inspection of Fig. 6 suggests that the spectra of the most luminous sources (L X > 5 × 10 37 ergs s −1 ) are generally harder than that of the fainter sources. This can be confirmed with a statistical analysis. We used a Kolmogorov-Smirnov (KS) test to determine whether three hardness distributions shown in Fig. 6 were drawn from the same distribution. The results for the low and intermediate luminosity subsamples are consistent with the same parent population. The hypotheses that the high luminosity distribution is extracted from the same parent distribution as the intermediate and low luminosity distributions can be rejected at the confidence levels of 98.9% and 99.2% respectively.
X-RAY HARDNESS-LUMINOSITY DIAGRAM
We studied the relation between the hardness of the spectrum and luminosity of X-ray sources in our sample using the results of spectral model fitting. In Fig. 7 the hardness of the spectrum of X-ray sources expressed in terms of spectral photon index is shown as a function of their absorbed X-ray luminosity in the 0.3 − 10 keV energy band calculated assuming the distance of 760 kpc. The sources with extremely soft spectra (supersoft sources and thermal supernova remnants) have been excluded from the sample and are not shown in this plot. The sources in the low-luminosity (L X < 10 37 ergs s −1 ) part of the diagram show a wide scatter of photon indices (Γ ∼ 0.9 − 3.8). At higher luminosities (L X > 10 37 ergs s −1 ), one can identify tree main source concentrations/branches in the hardness-intensity diagram. The first densely populated group comprises sources with the spectral photon indices Γ ∼ 1.4 − 2.3 with the most luminous sources having narrower range of photon indices Γ ∼ 1.5 − 1.9. The two other groups include sources with soft spectra (Γ > 2.3) and sources with extremely hard spectra (Γ < 1.4).
LOW-ENERGY ABSORPTION
The X-ray absorption in the source spectra could provide information on their location and help to map the structure of ISM inside M31 (Trudolyubov & Priedhorsky 2004) . We estimated the value of equivalent hydrogen absorbing column, N H for each source in our sample from the best-fit model approximation of their spectra (Tables 2,5 ,6,7, 8) 6 . For the sources with multiple spectral measurements, we used weighted average values of N H . The resulting distribution of absorbing columns towards X-ray sources in the central M31 field is shown in Fig. 8 . For the majority of sources in our sample the derived value of N H is either in excess or consistent with Galactic hydrogen column N Gal H ∼ 7 × 10 20 cm −2 in the direction of M31 (Dickey & Lockman 1990) . The distribution of absorbing columns has a prominent peak centered at ∼ 1.2 × 10 21 cm −2 and a tail structure extending to higher columns with most absorbed source having N H ∼ 1.3 × 10 22 cm −2 (Fig. 8) . The average value of N H derived from our source sample is (1.52 ± 0.02) × 10 21 cm −2 or approximately twice the Galactic foreground value. Given a considerably large size and completeness of our source sample, it can be used as a measure of the average level of X-ray absorption towards sources in M31.
9. VARIABILITY OF M31 SOURCES 9.1. Long-term flux variability Combining the data of multiple XMM-Newton observations, we searched for long-term flux variability of sources in our sample. We found that more than 80% of sources observed in two or more observations show significant variability (at the level of 3σ and higher). Ten sources in our sample are transients with outburst-to-quiescent luminosity ratios of ∼ 100 − 1000. Three other sources show recurrent outbursts on the time scales of years ( Table 2 ). The fraction of variable sources in our survey is much higher than 50% reported from earlier Chandra/ACIS survey of the central region of M31 (Kong et al. 2002a ). On the other hand, it is remarkably close to the fraction of variable sources (> 80%) found in M31 GC X-ray source population (Trudolyubov & Priedhorsky 2004) and in the smaller sample of bright M31 X-ray sources (90%) (Barnard et al. 2006a ).
Short-term aperiodic variability
The XMM-Newton observations of the central part of M31 have led to the detection of a periodic variability of three sources included in our sample: X-ray pulsations in the supersoft transient source #115 (Osborne et al. 2001 ) and periodic dipping in the GC X-ray source #109 (Trudolyubov et al. 2002b ) and in the source #103 (Mangano et al. 2004) . A detection of strong aperiodic variability in a number of M31 sources has been also reported (Barnard et al. 2003a; Barnard et al. 2004; Williams et al. 2005a; Barnard et al. 2006a ). The reported variability has been characterized by broken power law PDS with a break at 0.01−0.1 Hz, and interpreted as a signature of the disk-accreting X-ray binaries. However, recently it has been discovered that this aperiodic variability has artificial origin, resulting from improper addition of lightcurves from individual EPIC detectors (Barnard et al. 2006b ).
We re-examined the data of XMM-Newton observations in a search for short-term aperiodic variability of X-ray sources in our sample. For each observation, we constructed power density spectra of X-ray sources in the 2 × 10 −5 − 0.1 Hz frequency range using the lightcurves from individual and combined EPIC detectors. Because of the lack of statistics, none of the sources in our sample shows detectable aperiodic variability at frequencies above 10 −2 Hz. The PDS of majority of sources do not indicate significant source variability over the wide range of frequencies, being consistent with white noise expected from data errors. Typical examples of the Leahynormalized broad-band power density spectra of M31 sources with no detectable variability are shown in Fig. 9 . However, several brighter sources show signs of very-low frequency variability with two brightest sources, #31 and #49, being the most variable (Fig. 10) .
The Leahy-normalized power density spectra of sources #31 and #49 measured in the Jan. 6, 2002 XMM observation clearly exceed the expected white noise level at frequencies below ∼ 10 −2 Hz (Fig 10, middle panels) with source fractional variability amplitudes of 10.5 ± 1.0% and 8.3 ± 0.6% in the 2 × 10 −5 − 10 −2 Hz frequency band. The PDS of the sources #31 and #50 normalized to the square of fractional r.m.s. variability with expected white noise level subtracted are shown in lower panels of Fig. 10 . Both PDS can be adequately approximated by power law models (P ν ∼ ν −α ) with exponent α = 0.9 +0.2 −0.1 (source #31) and α = 1.3 ± 0.2 (source #49).
The very-low frequency PDS of the M31 X-ray sources #31 and #49 resemble that of the bright Galactic low-mass X-ray binaries (LMXB) (Gilfanov & Arefiev 2006) . In their recent survey of the very-low frequency X-ray variability of the persistent Galactic LMXB, Gilfanov & Arefiev (2006) show that PDS of the sources can be generally approximated by broken power law which is nearly flat at frequencies below the break and has a slope of 0.6 ∼ 1.5 at higher frequencies. The break frequency is found to be correlated with binary orbital frequency for a broad range of binary periods. The observed very-low frequency variability of LMXB has been explained as a result of the slow variations in the mass accretion rate being generated in the outer parts of the accretion flow and propagated to the region of the main energy release on a viscous time scale of the accretion flow. The observed slopes of the PDS are in general agreement with the slope α ∼ 1 predicted from the model involving local fluctuations in the mass accretion rate in the viscous accretion disk (Lyubarskii 1997) . The break in the PDS slope is a signature of the finite size of the accretion disk related to the viscous time on the outer boundary of the disk. If sources #31 and #49 are indeed accretion-powered X-ray binaries in M31, as suggested by their overall X-ray properties, they can be seen as further support for Lyubarskii's model.
Long-term spectral variability
We searched for long-term spectral variability of M31 Xray sources combining the data of multiple XMM-Newton observations. Since many of the sources in our sample have not enough counts for establishing spectral variability from model fits, we used their hardness ratios to search for spectral variability. These hardness ratios were calculated using the source counts in three energy bands of MOS and pn detectors: 0.3 − 1 keV (soft band, S), 1 − 2 keV (medium band, M) and 2 − 7 keV (hard band, H), and defined as: HR1=(M-S)/(M+S) and HR2=(H-M)/(H+M). In order to study long-term spectral variability, we computed a set of two spectral variability parameters for each observation and each of the EPIC detectors following Kong et al. (2002a) :
where HR1 min , HR2 min and HR1 max , HR2 max are the minimum and maximum values of the source hardness ratios during the 4 years of observations and σ denote corresponding errors. We define the source to be spectrally variable if δ(HR1) or δ(HR2) exceeds level of 3 in both EPIC-MOS (combined MOS1 and MOS2) and pn detectors. Applying this criterion, we found that about 50% of sources in our sample with multiple flux measurements available show significant spectral variability (Table 2 ). This estimate should be considered as a lower limit, since we have not enough sensitivity to detect possible small changes in the spectra of a number of fainter sources and because of the sparseness of XMM-Newton observations. We found the fraction of spectrally variable sources in our sample to be much higher than the 5% previously reported from Chandra survey (Kong et al. 2002a ), which demonstrates a significant improvement in the sensitivity and temporal coverage in comparison to previous studies of X-ray sources in the center of M31. A significant fraction of the sources in our sample provide sufficient number of counts in individual EPIC observations to permit a detailed study of their spectral variability using spectral model fits. In Fig. 11 the long-term evolution of the spectral hardness is shown for 9 brighter X-ray sources, showing the highest levels of spectral variability. In this figure the hardness of the X-ray spectrum, expressed in terms of the best-fit photon index, is shown as a function of the source luminosity. The majority of spectrally variable sources with luminosities above ∼ 10 37 and below ∼ 10 38 ergs s −1 demonstrate a correlation between the level of their X-ray flux and the hardness of their spectrum: as the source flux increases, the spectrum becomes harder (Fig. 11) . The brightest sources with luminosities above 10 38 ergs s −1 (sources #31 and #49 in Fig. 11 ) show a more complex relation between the spectral slope and flux. The spectral evolution of these brightest sources is generally consistent with that of the Galactic Z sources (Hasinger & van der Klis 1989) .
Short-term spectral variability
The unprecedented sensitivity of XMM-Newton provides a unique opportunity to study spectral evolution of the brightest X-ray sources in M31 on a time scale of hundreds and thousands of seconds. To study short-term spectral variability of the bright sources, we constructed their X-ray hardnessintensity diagrams using the data of XMM-Newton/EPIC observations. The X-ray hardness was defined as the ratio of the source intensities in the 2.0 − 7.0 keV and 0.3 − 2 keV energy bands with data integration times of 1000 − 3000 s depending on the source intensity. Several sources show a complex patterns of evolution on the hardness-intensity diagram somewhat reminiscent of the Galactic Z and atoll sources (Hasinger & van der Klis 1989; Trudolyubov & Priedhorsky 2004) . In Fig. 12 we show the hardness-intensity diagrams of two of these sources (sources #31 and #49) based on the EPIC-MOS data. The hardness-intensity diagrams of both sources clearly demonstrate hysteretic behavior with the same values of the broad-band color corresponding to the different levels of the source luminosity. The X-ray source #49 has been previously classified as a Z source candidate (Barnard et al. 2003b ). The results of our analysis are generally consistent with Z source classification of this source. The X-ray source #31 has been previously proposed by Barnard et al. (2003a) as a stellarmass black hole candidate in M31 mainly on the basis of its short-term aperiodic variability. Recently, it has been shown that the aperiodic variability of the source reported in Barnard et al. (2003a) has artificial origin (Barnard et al. 2006b ), making its black hole classification questionable. Moreover, the spectrum, luminosity and the pattern of the short-term spectral variability of the source #31 (Fig. 12, upper panel) clearly resemble those of the high-luminosity neutron star systems rather than stellar-mass black hole candidates.
SOURCE CLASSIFICATION

Hardness-Luminosity diagrams
The results of recent XMM-Newton and Chandra observations of individual X-ray sources in M31 suggest close similarity to their Galactic counterparts (Trudolyubov, Borozdin & Priedhorsky 2001; DiStefano et al. 2002; Trudolyubov & Priedhorsky 2004; Williams et al. 2006 ). Based on their similarity to Galactic sources, the majority of sources in our sample should be accreting X-ray binaries with neutron star and black hole primaries. The problem of distinguishing between these two types of systems among M31 sources is of fundamental importance. It is critical for understanding the processes of binary evolution and star formation history of M31. The study of the short-term X-ray variability can provide a definitive answer on the nature of the source, if Type I X-ray bursts or X-ray pulsations are observed. Unfortunately, the observed source count rates for most M31 sources are too low to allow us to probe their fast (t < 10 − 20 s) variability and search for typical Type I X-ray bursts. Another attractive possibility is to try to classify M31 sources based on the comparisons of their spectral properties and variability with that of the canonical Galactic neutron star and black hole X-ray binary systems.
X-ray colors can be a sensitive discriminator of the source type, when applied to study of X-ray source populations in nearby galaxies (DiStefano & Kong 2003; Prestwich et al. 2003) . Spectral analysis of the high-quality data has proven to be even more effective, because it can account for the low-energy absorption and describe detailed spectral shape (i.e two-component spectra, spectral lines). Nonetheless, this analysis often needs to be combined with information on Xray variability and counterparts at other wavelengths for secure source classification.
The spectral hardness-luminosity diagrams can be very useful for classification of X-ray sources in nearby galaxies, because of the good source count statistics in XMM and a small relative uncertainty in the source distances. In this work we made use of the hardness (spectral photon index, Γ)-luminosity diagram of M31 sources (Fig. 7) combined with detailed spectral model fits and spectral variability information to identify a number of sources as black-hole and neutron star binary candidates.
As a first step, we tried to define the regions in the hardnessluminosity diagram corresponding to the established spectral states of X-ray binaries, using spectral model fits and an extensive set of published spectral model parameters for a number of selected neutron star and black hole binaries with well established distances. In most cases, we used spectral data of ASCA, BeppoSAX and EXOSAT, because of their common energy range with XMM-Newton. We used standard models to fit the spectra of the established black hole and neutron star X-ray sources in a variety of spectral states (White, Stella & Parmar 1988; McClintock & Remillard 2006 and references therein) . The resulting spectral model parameters were then used to simulate XMM-Newton spectra of these objects as if they were observed in M31. When simulating the spectra of Galactic binaries, an absorbing column N H = 1.2 ×10 21 cm −2 , corresponding to the peak of the absorbing column distribution for M31 sources was assumed. The spectral photon indices and source luminosities were derived from fitting of the simulated spectra by the absorbed power law model in the 0.3 − 10 keV energy band.
Typically, the energy spectrum of the stellar-mass black hole candidates in the high/soft state consists of the dominant thermal disk component with kT 1.5 keV and a power law tail with a photon index Γ ∼ 2.0 − 5.0. Some sources also show the very-high state characterized by dominant power law component with Γ > 2.4 and a soft thermal compo-nent with temperature of up to ∼ 1.8 − 2 keV. The intrinsic energy spectrum of black hole candidates in the hard/low state is usually described as a power law with a photon index Γ = 1.4 ∼ 2.1 and sometimes a low-temperature disk component with kT ∼ 0.2 − 0.4 keV. The spectrum in the intermediate state corresponding to the transition between low and high/very high states bears resemblance to both low and high states. The estimated 0.3 − 10 keV luminosities of the stellar-mass black hole candidates in the high/very high are usually well above 2 × 10 37 ergs s −1 , while in the low/hard state they tend to be below that level. The luminosities in the intermediate state fall in the range (1 − 3) × 10 37 ergs s −1 The majority of simulated 0.3 − 10 keV EPIC spectra of the black hole candidates in the high and very-high states, scaled to the M31 distance, can be described by simple power law models with photon index Γ = 2.1 ∼ 5.0, with the exact value of Γ depending on the parameters of the input spectrum: the temperature of the soft component, slope of the hard tail and relative normalization of the soft and hard components. The characteristic values of the photon index in the simulated low state spectra lie between ∼ 1.4 and ∼ 2.2, while for the intermediate state they are close to that of the high state.
The energy spectra of the neutron star binaries at high luminosities (3 − 5) × 10 37 ergs s −1 are usually well fit with a two-component models consisting of a soft black body-like component with characteristic temperature of ∼ 0.5 − 1.5 keV, together with harder component with kT ∼ 1.5 − 2.5 keV. The resulting simulated EPIC spectra of high-luminosity neutron star systems can be approximated by power law models with photon index Γ = 1.4 ∼ 1.9, with gradual hardening and reduced scatter in photon index as luminosities approach and exceed 10 38 ergs s −1 . The simulated spectra of neutron stars at low and intermediate luminosities show wider scatter of the photon indices: Γ = 1.4 ∼ 2.5.
The spectral photon index vs. luminosity diagram of X-ray sources with shaded regions roughly representing the established states of neutron star and black hole binaries is shown in Fig. 13 . The simulated data for several black hole candidates (Cyg X-1, GRS1915+105, GRO J1655-40, GRS 1009-45, LMC X-1, LMC X-3), neutron star binaries (Sco X-1, Cyg X-2 and globular cluster source X1820-303) and accretionpowered X-ray pulsars (SMC X-1, SMC X-2 and LMC X-4) are shown for comparison. The first region (A) with source luminosities above ∼ 10 37 ergs s −1 and photon indices higher than 2.1 represents canonical intermediate high/soft (thermaldominated) and very-high (steep power law) spectral states of stellar-mass black hole candidates. The second region (B) (L X > 3 × 10 37 ergs s −1 and 1.4 Γ 1.9) corresponds to high-luminosity states of neutron star systems. The third region (C) in the bottom of the figure (Γ 1.4) covers typical accretion-powered X-ray pulsars (Nagase 1989; Yokogawa et al. 2003 ) and some of the obscured X-ray binaries and highinclination systems (dippers, eclipsing and coronal sources). The fourth region (D) in the diagram is occupied by a mix of black hole and neutron star binaries in low luminosity states.
As is clearly seen from Figure 13 , a hardness-luminosity diagram based on the EPIC spectral data can be a very effective tool for distinguishing between luminous neutron star and stellar-mass black hole candidate systems. The spectral photon index vs. luminosity relation can be also used to identify high-inclination systems and accreting pulsar candidates. On the other hand, it is still impossible to make a distinction between neutron star and black hole systems in the low luminosity states based on this diagram alone.
The spectral photon index vs. luminosity plot of M31 Xray sources in our sample is shown in Figure 14 . The XMM sources that are unresolved composites of two or more Chandra sources have been excluded from the plot. The hardnessluminosity distribution of M31 globular cluster sources from Trudolyubov & Priedhorsky (2004) is also shown for comparison. Approximately half of the sources in our sample have spectra and luminosities typical for both neutron star and black hole binaries in the low luminosity states (region D). A number of sources in the intermediate luminosity range 10 37 < L X < 3 × 10 37 ergs s −1 with photon indices between 1.8 and 2.2 can be either neutron stars or black hole systems in the transition between low and high spectral states. All sources with soft spectra Γ > 2.4 and luminosities above 2 × 10 37 ergs s −1 have properties consistent with high/very high states of stellar-mass black hole candidates. Fourteen sources with luminosities above 3 × 10 37 ergs s −1 and photon indices between 1.4 and 1.9 fall into luminous neutron star region (region B). The remaining group of 6 hard sources with Γ 1.4 have spectra and luminosities characteristic of X-ray pulsars and high-inclination systems (region C) with two sources (#102 and 108) showing regular dips in their lightcurves (Trudolyubov et al. 2002b; Mangano et al. 2004) .
It should be noted that energy spectra of the majority of background AGN resemble the spectra of neutron star and black hole systems in both low and high luminosity states. Therefore, some sources in our sample that are background objects can be misidentified as X-ray binary candidates in M31. We expect ∼ 7 − 10 sources in our sample with apparent luminosities above 5 × 10 36 ergs s −1 to be background objects. The expected number of background objects drops below 1 for source apparent luminosities above 3 × 10 37 ergs s −1 . Another type of source that can be mistaken for X-ray binary systems are Crab-like supernova remnants, which have spectral properties similar to that of the neutron star and black hole binaries in the low luminosity states. Since typical Crab-like SNR are often associated with emission line regions and do not show significant variability in X-rays, additional information on the X-ray variability and/or optical counterpart can be used to distinguish between them and X-ray binaries. A hypothetical accreting intermediate-mass black hole with mass above 100M ⊙ in the hard spectral state could fall into the region in the hardness-luminosity diagram usually occupied by bright neutron star binaries with luminosities above 3 × 10 37 ergs s −1 . We now briefly describe the properties of the X-ray binary candidates in our sample identified using hardness-luminosity diagram and detailed spectral and timing analysis.
X-ray Binary Candidates i) Stellar-Mass Black Hole
Candidates. Based on the hardness-luminosity diagram, 7 sources in our sample can be classified as stellar-mass black hole candidates in the intermediate/high/very-high spectral state: sources #3, 20, 25, 57, 99, 110, 123. The energy spectra of all these sources are soft with Γ > 2.4 and are best described by multicolor disk model or a two-component models including disk and power law tail (Tables 5,7 showing the whole range of spectral evolution of bright black hole X-ray nova. Three black hole candidates (# 20, 25, 123) are persistent sources showing significant variability on a time scales of years. There is a clear correlation between the spectral temperature derived in the DISKBB spectral fits to the spectra of these sources and their X-ray flux with temperature increasing with increase of the flux (Table 5). At the same time, the characteristic emitting radius, R in √ cos i remains essentially constant, despite a significant change in the X-ray flux, which is the effect also observed in the Galactic black hole candidates in the high spectral state (Tanaka & Lewin 1995) . The X-ray source #46 can be also tentatively classified as a black hole candidate, based on its transient behavior, two-component spectrum and luminosity (Trudolyubov, Borozdin & Priedhorsky 2001) . That brings the total number of the proposed black hole candidates to 8, or ∼7% of the total number of sources in our sample. By analogy with Galactic X-ray binaries, we expect most of M31 black hole candidates to be transient systems. Therefore, the fraction of these objects is likely to become higher with more new transients detected in the future monitoring observations of the central part of M31.
ii) Neutron Star Candidates. 14 sources in our sample (sources #26, 31, 37, 38, 40, 49, 58, 77, 80, 84, 86, 92, 105, 121) (Fig. 14) have spectra, luminosities and variability similar to that of the bright (L X > 3 × 10 37 ergs s −1 ) Galactic neutron star binaries. Seven of them coincide with M31 globular clusters (Trudolyubov & Priedhorsky 2004) and one source, #49 shows spectral variability characteristic of Galactic Z-sources (Barnard et al. 2003b ). The remaining 13 sources associated with globular clusters can be also added to the neutron star candidates list, based on the similarities with their Galactic counterparts. The X-ray source # 29 has been previously classified as a neutron star candidate, based on a short burst detected in one of XMM-Newton observations, interpreted as radius-expansion Type I X-ray burst . Another X-ray source #102 (Mangano et al. 2004) , which shows regular dipping with a period of 1.78 hours, has overall properties similar to the Galactic dipping sources with neutron star primaries. Therefore, 29 sources or ∼ 24% of the total number of sources in our sample can be identified as probable neutron star X-ray binary candidates.
iii) White Dwarf Candidates. Four sources in our sample, # 7, 83, 113, 114 have supersoft spectra (not shown in hardness-luminosity diagram). Two sources are transients, and one source (# 113) shows recurrent outbursts. The properties of all four sources are similar to the Galactic supersoft sources, identified with white dwarfs, sustaining a thermonuclear burning of the accreted matter on their surface (Kahabka & van den Heuvel 2006) . We can therefore propose these four sources as probable accreting white dwarf candidates.
The remaining 2 transient sources (#100 and 104) have observed properties consistent with both black hole or neutron star X-ray binary interpretation. Finally, adding these two objects to the X-ray binary candidates identified above, brings the total number of high-confidence X-ray binary candidates with black hole, neutron star and white dwarf primaries to 44 or ∼ 35% of sources in our sample.
COMPARISON WITH X-RAY BINARY SOURCE POPULATIONS IN GLOBULAR CLUSTERS AND NORMAL GALAXIES
The similarities between M31 and Milky Way GC X-ray sources suggest that M31 GC source population is likely to be dominated by LMXB with neutron star primaries, and in some sense can be regarded as a prototype LMXB population. Therefore, the results from the study of M31 GC sources provide an important benchmark for comparison with the results from study of galactic X-ray source populations of mixed nature, helping to constrain the neutron star X-ray binary contribution. Similarities between our XMM-Newton survey of the central region of M31 and a previous XMM-Newton/Chandra survey of its GC system (Trudolyubov & Priedhorsky 2004 )(overlapping observations with identical observational setup and data analysis techniques etc.) make comparison of their results straightforward.
The power law spectral index distributions and their dependence on the source luminosity in our source sample and in the M31 GC source sample are shown in Fig. 15 . Although the total distributions (upper panels in Fig 15) appear to be qualitatively similar (both distributions have welldefined maxima corresponding to harder spectra and a shoulder in the softer spectral region), there are significant quantitative differences between them: the maximum of the GC distribution corresponds to harder spectra than that of the central region of M31, and it lacks soft sources with Γ > 2.3, while central region of M31 contains a significant number (17) of such sources. According to the results of K-S test, the hypothesis that these two distributions are drawn from the same parent distribution can be rejected at 99.6% confidence level. The hardness distributions of the sources in the central region of M31 and M31 GC sources differ at both high and low source luminosities. The main peak of the spectral distribution of the brightest GC sources with L X > 5 × 10 37 ergs s −1 (middle panels in Fig. 15 ) appears to be narrower and shifted towards harder spectra than that of the central region of M31. For lower luminosities (lower panels in Fig. 15 ), the hardness distribution of sources in our sample tends to be more peaked in the hard spectral region and extends further into soft spectral region, when compared to the GC source distribution.
The spectral photon index-luminosity diagram (Fig. 14) is another useful tool for an effective comparison between the sources in the central part of M31 and M31 GC sources. The hardness-intensity data for M31 GC sources fits into the regions of the diagram, covering spectral states of neutron star X-ray binaries. This is consistent with similarities between M31 GC sources and their Galactic counterparts, all of which are confirmed neutron star systems. The X-ray sources in the central region of M31 follow essentially the same pattern in the hardness-luminosity diagram, except for the prominent group of spectrally soft sources with luminosities above 2 × 10 37 ergs s −1 , most of them classified as black hole candidates. Therefore, it is natural to assume that majority of bright X-ray sources in the bulge and inner disk of M31 represents a mix of X-ray binaries with neutron star and black hole primaries, dominated by neutron star LMXBs, similar to our Milky Way galaxy (Liu et al. 2001 ). The luminosity dependence of the spectral distribution of M31 sources (Fig. 6,15 ) can be generally understood as a result of mixing a neutron star and black hole LMXB populations. For high luminosities (L X > (3 − 5) × 10 37 ergs s −1 ), the spectra of neutron star systems in the 0.3 − 10 keV energy band tend to be hard with typical photon indices of ∼ 1.4−1.8, while most of the stellarmass black hole systems are found in the high/very-high state with softer spectra (Γ 2.1). The resulting hardness distribution with the majority of sources being neutron star systems should have the main peak in the hard spectral region (Γ ∼ 1.4 − 1.8) and a shoulder extending to the soft spectral region (Γ 2). The relative normalization of the main peak and the shoulder depends on the ratio of the number of neutron star and black hole systems. The overall form and centroid position of the main peak will be determined mainly by luminosity distribution of the neutron star systems in that source sample. For luminosities between 10 37 and 5 × 10 37 ergs s −1 , the spectra of neutron star systems have wider range of photon index (Γ ∼ 1.6 − 2.4), and most of the stellar-mass black hole systems are still in the intermediate/high/very-high state. The luminosities below 10 37 ergs s −1 correspond to the low states of both neutron star and black hole candidates with typical range of spectral photon indices Γ = 1.4 ∼ 2.4. The resulting spectral hardness distributions at intermediate and low luminosities should be broader and softer than that of the high luminosity group. As seen from Fig. 6, 14, 15 , the hardnessluminosity data for both M31 core and GC sources seem to support this picture.
More than 80% of the sources in our sample show significant variability on the time scales of months to years, which is very close to the fraction of variable objects among the M31 GC X-ray sources found in the XMM-Newton/Chandra survey of comparable sensitivity (Trudolyubov & Priedhorsky 2004) . The similarity of the fraction of variable sources may suggest that in general, there is no significant difference between the long-term variability of the field LMXB and their counterparts in globular clusters.
The luminosity distribution of the bright X-ray sources in the central region of M31 deviates from that of the M31 GC sources (Trudolyubov & Priedhorsky 2004) . The fraction of the bright sources with luminosities above 5 × 10 37 ergs s −1 is much higher for the GC population (∼30%) than for the bulge (∼ 16 − 18%, depending on the background source contribution). Moreover, the difference in the fraction of the sources with luminosities above 10 38 ergs s −1 is even higher, with 6 out of 43 GC sources steadily exceeding and 3 three more sources occasionally exceeding this limit (∼ 14 − 21% of the total number) and only 3 sources in the bulge and inner disk of M31 being persistently and 2 sources occasionally brighter than 10 38 ergs s −1 (∼ 3 − 6% of the total number). A total of 20 sources in our sample are associated with globular clusters (Table 2) . GC sources make a significant contribution to the bright source counts in the central region of M31: on average, ∼ 20 − 25% of the sources with apparent luminosities above 10 37 ergs s −1 reside in the globular clusters, with GC source contribution rising to ∼ 33−50% at luminosities above 10 38 ergs s −1 . The fraction of bright GC sources in the central region of M31 appears to be much higher than observed in our own Galaxy, and stands closer to the fraction of GC sources found in early-type galaxies (Angelini, Lowenstein & Mushotzky 2001; Kundu, Maccarone & Zepf 2002; Fabbiano 2006 and references therein).
The central region of M31 covers most of the bulge and inner disk, containing a significant fraction of X-ray sources detected in M31, and is suitable for direct comparison with LMXB populations in other galaxies. In the recent study of a large sample of nearby early-type galaxies Irwin, Athey & Bregman (2003) performed a spectroscopic survey of their Xray binary populations. They found that the spectrum of the sum of the sources with luminosities below 10 39 ergs s −1 in a given galaxy is similar from galaxy to galaxy, and can be approximated with simple power law models with photon index Γ = 1.4 ∼ 1.7. The combined spectrum of LMXB in the sample of Irwin et al. (2003) can be fit with a simple power law model with photon index of 1.56 ± 0.02. Since the low luminosity limit of their sample for most galaxies is well above 3 × 10 37 ergs s −1 and sometimes exceeds 10 38 ergs s −1 , it is suitable for the comparison with high-luminosity subsample of M31 sources. The formal weighted average photon index for the high-luminosity M31 sources < Γ > bright = 1.54 ± 0.01 is consistent with photon index derived for the combined bright X-ray sources in early-type galaxies. The similarity between these two is not surprising since both populations are probably dominated by bright persistent LMXB with neutron star primaries. The weighted average spectral photon index of 115 sources in our sample < Γ >= 1.67 ± 0.01 also appears to be in good agreement with the photon index (1.63 ± 0.04) of the composite spectrum of M31 bulge sources measured with Chandra (Irwin, Athey & Bregman 2003) .
The study of detailed spectral properties and variability of individual sources in most large nearby galaxies is usually confined to a few brightest objects. However, recent deep Chandra and XMM-Newton observations of some of them allow us to obtain spectra of larger number of sources with apparent luminosities above f ew × 10 37 ergs s −1 . The observations of the spiral galaxy M81 with Chandra allowed for a study of the spectra of 30 X-ray sources with estimated unabsorbed luminosities above 2 × 10 37 ergs s −1 (Swartz et al. 2003) . In order to make a direct comparison of the spectral distributions of sources in M81 and M31, we used spectral fit parameters of bright M81 sources from Table 3 of Swartz et al. (2003) (spectral indices and unabsorbed luminosities in the 0.3-8 keV energy range) to calculate their absorbed luminosities in the 0.3-10 keV energy band, assuming an absorbing column of 1.2 × 10 21 cm −2 , typical for M31 sources. The resulting hardness-luminosity distribution (spectral photon index vs. luminosity diagram) of bright M81 X-ray sources (Fig. 16) is similar to the distribution of the brighter sources in the center of M31 galaxy. The spectra and luminosities of the majority of M81 sources are close to those of the neutron star systems in the high luminosity states and during transitions between high and low luminosities. In addition, the properties of two M81 sources with steeper spectra (Γ > 2.5) can be consistent with black hole candidate interpretation. The similarity between spectral properties and luminosities of M31 and M81 X-ray sources provides another evidence for common spectral formation mechanism in X-ray binaries. It also demonstrates that hardness-luminosity diagrams can be an effective tool for characterising X-ray binary populations and classification of individual sources in external galaxies.
SUMMARY AND CONCLUSIONS
We performed a detailed survey of spectral properties and variability of 123 bright X-ray sources detected in the central part of M31 (within 15 ′ radius from the galactic nucleus) using the data of four years of observations with XMM-Newton. The observed luminosities of the sources, scaled to the M31 distance of 760 kpc, range from ∼ 10 36 to ∼ 5 × 10 38 ergs s −1 with luminosity of ∼ 5 × 10 36 ergs s −1 corresponding to a completeness limit of our sample. Based on the background source statistics, we expect a relatively small fraction (∼ 8 − 12%) of sources with luminosities above the completeness limit to be background objects. 20 sources in our sample are associated with optically-identified globular clusters, and 4 sources coincide with supernova remnant candidates in M31. The X-ray properties and radio/optical counterparts of 6 sources have been found to be consistent with that of the background AGN.
A large number of sources with a wide range of apparent luminosities allowed us to study a rich spectrum of states of different classes of X-ray emitting objects. The majority of sources in our sample have X-ray properties reminiscent of Galactic low-mass X-ray binaries, consistent with the older stellar population of the bulge. We fitted the energy spectra of individual sources with a variety of spectral models ranging from simple power law and blackbody radiation models to two-component models including soft and hard spectral components. In most cases, we obtained acceptable fits using an absorbed power law spectral model, but for many brighter sources a more complex spectral model is required. For these sources, a models with quasi-exponential cut-off at ∼ 0.6 − 8 keV or two-component models describe the energy spectra significantly better than simple power law. Four sources have supersoft spectra that can be approximated with blackbody radiation models with temperatures of ∼ 50 − 60 eV. Another four sources in our sample are SNR candidates with soft thermal spectra showing presence of spectral lines, that can be approximated by thermal plasma models with characteristic temperatures of 0.2 ∼ 0.5 keV.
Using the results of spectral analysis, we studied a distribution of X-ray absorption towards M31 sources. The distribution of absorbing columns peaks at N H ∼ 1.2 × 10 21 cm −2 , and extends up to 1.3 × 10 22 cm −2 . The average value of the absorbing column derived from our sample is < N > H = (1.52±0.02)×10 21 cm −2 , or nearly twice the Galactic foreground value.
The spectral photon index distribution of the sources in the central part of M31 has a main peak at Γ ∼ 1.75 and a broad shoulder at Γ ∼ 2.0 − 2.2 extending to the softer spectral region. The main part of the photon index distribution can be adequately described by sum of two Gaussian functions with centroids at Γ 1 = 1.78 and Γ 2 = 1.95, accounting for ∼ 18% and ∼ 82% of the total number of sources. The spectral distribution shows clear evolution with source luminosity, characterized by narrowing and shift of its main peak to the harder spectral region for luminosities above ∼ (3−5)×10 37 ergs s −1 . The spectral properties of the brighter sources in our sample clearly resemble those of the bright LMXB observed in other nearby normal galaxies of different morphological type. The spectral distribution of the sources in the central region of M31 shows an apparent excess of soft sources when compared to the distribution of M31 globular cluster sources. This fact can be probably explained by the presence of black hole binaries in the intermediate/high/very-high state among the field sources in the central region of M31, and their absence among the globular cluster sources.
We found that more than 80% of sources in our sample with two or more flux measurements available show significant variability on a time scales of days to years. Ten sources are transients with outburst-to-quiescent flux ratios of ∼ 100−1000, and three other sources show recurrent outbursts on a time scale of years. The fraction of variable sources in our survey is much higher than previously reported from Chandra surveys of the central region of M31. At the same time, it is very close to the fraction of variable sources among GC sources in M31.
Timing analysis of XMM-Newton/EPIC data allowed us to study short-term aperiodic variability of M31 sources in the 2 × 10 −5 − 0.1 Hz frequency range. Because of the lack of statistics, for most sources in our sample it was not possible to detect any significant aperiodic variability. However, several of the brightest sources showed characteristic very-low frequency variability at frequencies below 0.01 Hz, resembling the noise variability seen in the bright Galactic LMXB.
About 50% of the sources in our sample show spectral variability between individual XMM-Newton observations. The spectral evolution of a number of sources is correlated with level of X-ray flux: the spectrum becomes harder as the flux increases. Several bright sources demonstrate complex patterns of evolution on the hardness-intensity diagram, somewhat reminiscent of the Galactic Z and atoll sources.
The main features of the hardness-luminosity diagram of M31 sources can be interpreted as resulting from a mixed population dominated by neutron star and black hole X-ray binaries. Based on observational data, one can identify four main regions in the hardness-luminosity diagram of M31 sources, with properties corresponding to distinct spectral states of X-ray binaries. Combining the position in the hardnessluminosity diagram with detailed spectral and variability information, we classify ∼ 7% of sources in our sample as probable black hole candidates in the intermediate/high/very-high spectral state and ∼ 24% sources as neutron star binary systems. The properties of four sources with very soft thermal spectra are close to that of the Galactic supersoft sources, and can be classified as probable white dwarf candidates. In summary, a total of 44 X-ray sources in our sample can be identified as probable X-ray binary candidates, based on their spectral properties and variability.
The central region of M31 is one of the best places to study X-ray binary populations, and provides an important benchmark for comparison with our own Galaxy and other external galaxies. The observed similarities between the properties of bright X-ray sources in the central region of M31, its GC component, and other normal galaxies of different morphological type, help to identify universal properties of extragalactic LMXB populations. A complete X-ray survey of M31 and new high-sensitivity observations of nearby galaxies should allow a more detailed comparison of their X-ray emitting populations, putting better constraints on the fraction of black hole and neutron star binaries and ultimately help to improve our understanding of fundamental processes of binary evolution and star formation history. d -source classification: SV -spectrally variable, TR -transient, REC -recurrent, SSS -supersoft source, SNR -supernova remnant, BHC -black hole candidate, Z -Z-source candidate, GCS -globular cluster source, R -radio source, BKG -background AGN. e -source identifications beginning with Bo refer to Globular Cluster candidates listed in Table IV of Battistini et al. (1987) , MIT -in Magnier (1993) . Source identifications beginning with BA refer to the SNR candidates listed in Baade & Arp (1964) . "Ford21" refers to planetary nebula candidate from Ford & Jacoby (1978) . Radio source identifications beginning with 37W and B90 refer to the source lists in Walterbos, Brinks & Shane (1985) and Braun (1990) . f -source identifications beginning with TF refer to M31 Einstein X-ray source catalog entries from Trinchieri & Fabbiano (1991) . Identifications beginning with PFJ refer to X-ray sources from Primini, Forman and Jones (1993) . Identifications beginning with r and K refer to the lists of M31 X-ray sources in and Kaaret (2002) . Identifications beginning with TP refer to the list of globular cluster X-ray sources in Trudolyubov & Priedhorsky (2004) . Identifications starting with P refer to sources from . F. 7.-Spectral photon index of the bright X-ray sources detected in the M31 core field vs. their absorbed X-ray luminosity in the 0.3 − 10 keV energy band. The error bars in X-axis reflect statistical uncertainty of the source flux determination and in some cases the range of source X-ray luminosities observed with XMM-Newton.
